Multiple sclerosis (MS) and its animal model, experimental autoimmune encephalomyelitis (EAE), are chronic inflammatory demyelinating and neurodegenerative diseases of the CNS. Although neurodegeneration is the major contributor to chronic disability in MS, mechanisms governing the viability of axons and neurons in MS and EAE remain elusive. Data indicate that activation of pancreatic endoplasmic reticulum kinase (PERK) influences, positively or negatively, neuron and axon viability in various neurodegenerative diseases through induction of ATF4. In this study, we demonstrate that the PERK pathway was activated in neurons during EAE. We found that neuron-specific PERK inactivation impaired EAE resolution and exacerbated EAE-induced axon degeneration, neuron loss, and demyelination. Surprisingly, neuron-specific ATF4 inactivation did not alter EAE disease course or EAE-induced axon degeneration, neuron loss, and demyelination. These results suggest that PERK activation in neurons protects axons and neurons against inflammation in MS and EAE through ATF4-independent mechanisms.
Introduction
Multiple sclerosis (MS) is a chronic inflammatory disease of the CNS (1, 2) . Although myelin and oligodendrocytes are the primary target of inflammatory attacks, it is the neurodegeneration, particularly axon degeneration, which leads to long-term disability in MS patients (2) (3) (4) . It is known that axon degeneration occurs early in MS lesions (5, 6) . Significant neuron loss is also observed in the CNS gray matter in MS patients (7, 8) . Moreover, magnetic resonance image studies showed that brain atrophy occurs very early in MS patients and that progressive brain atrophy correlates well with disability (9, 10) . The MS animal model experimental autoimmune encephalomyelitis (EAE) recapitulates many of the clinical, pathological, and immunological features of MS, including neurodegeneration (11) (12) (13) . The current predominant view is that inflammation is ultimately responsible for axon degeneration and neuron loss in MS and EAE; however, the molecular mechanisms of neurodegeneration in these diseases remain ambiguous (14) (15) (16) . One of the major challenges in MS research is to understand the mechanisms governing the viability of axons and neurons and to develop therapeutic strategies that prevent neurodegeneration.
Endoplasmic reticulum (ER) stress activates the unfolded protein response (UPR), an adaptive response that is coordinated by 3 ER-resident transmembrane proteins: pancreatic ER kinase (PERK), inositol requiring enzyme 1 (IRE1), and activating transcription factor 6α (ATF6α) (17) (18) (19) . PERK activation triggers an adaptive program known as the integrated stress response (ISR) by phosphorylating eukaryotic translation initiation factor 2α (eIF2α) (17) (18) (19) . eIF2α phosphorylation (p-eIF2α) results in inhibition of global protein translation with a selective increase in the translation of ATF4. ATF4 stimulates the expression of numerous cytoprotective genes and also the proapoptotic transcription factor CAATT enhancer-binding protein homologous protein (CHOP). CHOP induction also leads to downregulation of the ISR by enhancing the expression of growth arrest and DNA damage 34 (GADD34), which functions with protein phosphatase 1 (PP1) to dephosphorylate p-eIF2α, forming
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While a large number of studies have shown that the PERK-mediated ISR plays a critical role in various neurodegenerative diseases, these studies are at times contradictory. Some studies showed that the ISR promotes neuron and axon survival in neurodegenerative diseases; however, other studies showed opposite results (33) (34) (35) . Nevertheless, the role that the PERK-mediated ISR in neurons plays in axon degeneration and neuron loss in MS and EAE remains unknown. This study sought to fill this knowledge gap. Herein, we demonstrated activation of the PERK-mediated ISR in neurons during EAE. We found that neuron-specific PERK inactivation did not affect EAE initiation but impaired EAE recovery, which was associated with increased axon degeneration, neuron loss, and demyelination in the CNS. Surprisingly, we found that neuron-specific ATF4 inactivation did not alter EAE disease severity or EAE-induced neurodegeneration. These findings imply the neuroprotective effects of PERK activation in neurons in MS and EAE via ATF4-independent mechanisms.
Results
The PERK-mediated ISR was activated in neurons during EAE. Evidence suggests activation of the PERK-mediated ISR in neurons in the CNS of MS patients (26, 36) . We have used myelin oligodendrocyte glycoprotein (MOG) peptide 35-55-induced EAE in C57BL/6J mice (MOG-EAE model) to study the pathogenesis of MS and EAE for many years (28) (29) (30) (31) (37) (38) (39) . When young adult female C57BL/6J mice are immunized with MOG 35-55 peptide, the mice display neurological signs of disease starting around postimmunization day (PID) 12, reach the peak of disease around PID 19-26, and then gradually recover from EAE over time. Our previous studies demonstrated axon degeneration in the lumbar spinal cord and neuron loss in the CNS gray matter in the MOG-EAE model at the peak of disease (29, 30, 39) . Therefore, we sought to determine activation of the PERK-mediated ISR in neurons in the MOG-EAE model.
Although we have worked in the ER stress field for many years, we could not find any reliable anti-PERK antibody or anti-phosphorylated PERK antibody for Western blot or IHC. Thus, we used Western blot analysis for ATF4 and CHOP as well as IHC for p-eIF2α and CHOP to gauge the activity of the PERK-mediated ISR in neurons. Western blot analysis showed that the levels of ATF4 and CHOP were significantly increased in the brains of wild-type mice with EAE at the peak of disease, compared with that in naive wild-type mice ( Figure 1, A and B) . Western blot analysis also showed that the level of cleaved ATF6α was significantly elevated in the brains of wild-type mice with EAE compared with that in naive wild-type mice, suggesting activation of the ATF6α branch of the UPR in the brains of mice with EAE ( Figure 1, A and B) . p-eIF2α and NeuN double immunostaining showed that the immunoreactivity of p-eIF2α was barely detectable in neurons in the CNS of naive wild-type mice. Interestingly, the level of p-eIF2α was markedly increased in the majority of neurons in the CNS of wild-type mice with EAE at the peak of disease ( Figure 1C ). CHOP and NeuN double immunostaining showed that the immunoreactivity of CHOP was barely detectable in neurons in the CNS of naive wild-type mice. Importantly, the level of CHOP was markedly increased in the majority of neurons in the CNS of wild-type mice with EAE at the peak of disease ( Figure 1D ). Moreover, nuclear translocation of CHOP was observed in a number of neurons in the CNS of wild-type mice with EAE ( Figure 1D ), which strongly indicates activation of the PERK-mediated ISR in these cells (17) (18) (19) . Taken together, these data suggest activation of the UPR, including the ATF6α branch and PERK-mediated ISR, in neurons in the CNS during EAE.
PERK was not required for neuron or axon survival in adult mice. Recently, a case study described early signs of neurodegeneration in a child who carries a PERK mutation (40) , suggesting the potential role of PERK in neurons under physiological conditions. Thus, we determined the effects of PERK inactivation on the viability of neurons and axons in naive adult mice using a mouse model that allows for controllable inactivation of PERK specifically in neurons. (Figure 2A ). Moreover, real-time PCR analysis showed that the level of PERK mRNA was significantly reduced in the cortices and hippocampi of PERK-nKO mice compared with that in control mice ( Figure 2B ). H&E staining showed that PERK-nKO mice did not display any gross structural abnormalities in the CNS. Moreover, NeuN IHC revealed that PERK-nKO mice had a shows that the levels of ATF4, CHOP, and cleaved ATF6α were significantly increased in the brains of wild-type mice with EAE at the peak of disease (PID 19) compared with those in naive wild-type mice. (C) NeuN and p-eIF2α double immunostaining shows that the level of p-eIF2α was markedly increased in neurons in the layer V of the primary motor cortices of wild-type mice with EAE at the peak of disease (PID 19) compared with that in naive wild-type mice. (D) NeuN and CHOP double immunostaining shows the elevated level of CHOP and nuclear translocation of CHOP (arrows) in neurons in the layer V of the primary motor cortices of wild-type mice with EAE at the peak of disease (PID 19) compared with that in naive wild-type mice. Scale bars: 50 μm. n = 4 animals. Error bars represent SD. Statistical analyses were done with a 2-tailed t test, *P < 0.05. similar number of neurons in the layer V of the primary motor cortex compared with control mice ( Figure  2 , C-E). Similarly, phosphorylated neurofilament-H (SMI31) IHC revealed that the number of axons in the lumbar spinal cord was not compromised in PERK-nKO mice compared with that in control mice ( Figure  2 , F-H). These data suggest that PERK is dispensable for neuron and axon survival in naive adult mice.
Neuron Figure 3A) . Although disease onset and the time at which the peak of disease was reached in PERK-nKO mice with EAE were comparable to those of control EAE mice, these PERK-nKO Figure 2 . Neuron-specific PERK inactivation did not alter the viability of neurons or axons under physiological conditions. (A) PCR analysis using genomic DNA shows the floxed Perk allele was present in all tissues in PERK-nKO mice (nKO) and control mice (CTL), but the Perk-KO allele was only present in the cerebral cortex, cerebellum, and spinal cords of PERK-nKO mice. Numbering above lanes is as follows: 1, cerebral cortex; 2, cerebellum; 3, spinal cord; 4, optic nerve; 5, sciatic nerve; 6, spleen; 7, lymph node; 8, T cells. (B) Real-time PCR shows that the level of PERK mRNA was significantly decreased in the cortices and hippocampi of PERK-nKO mice compared with control mice. (C-E) NeuN IHC shows that neuron-specific PERK inactivation did not significantly change the number of neurons in layer V of the primary motor cortices of adult mice. (F-H) SMI31 IHC shows that neuron-specific PERK inactivation did not significantly change the number of axons in the lumbar spinal cords of adult mice. Scale bars: 50 μm. n = 4 animals. Error bars represent SD. Statistical analyses were done with a 2-tailed t test, *P < 0.05. mice did not show signs of remission, displaying persistent, severe neurological deficits ( Figure 3A) . Western blot analysis showed that the levels of ATF4 and CHOP were significantly increased in the brains of control EAE mice compared with naive mice at the peak of disease, PID 22 ( Figure 3 , B and C). Importantly, the levels of ATF4 and CHOP were significantly decreased in the brains of PERK-nKO mice with EAE compared with those in control EAE mice at PID 22 ( Figure 3 , B and C). Moreover, NeuN and p-eIF2α double immunostaining showed that the level of p-eIF2α was significantly increased in neurons in the layer V of the primary motor cortices in control EAE mice compared with that in naive mice; however, the elevated level of p-eIF2α was abrogated in PERK-nKO mice with EAE ( Figure 3 , D and E). Additionally, we found that Western blot analysis shows that the levels of ATF4 and CHOP were significantly increased in the brains of control EAE mice at PID 22 compared with those in naive mice and that the levels of these proteins were significantly lower in the brains of PERK-nKO mice with EAE at PID 22. (D and E) NeuN and p-eIF2α double immunostaining shows that the level of p-eIF2α was markedly increased in neurons in the layer V of the primary motor cortices of control EAE mice at PID 22 compared with that in naive mice. Importantly, the p-eIF2α level in cortical neurons was noticeably reduced in PERK-nKO mice with EAE compared with that in control EAE mice at PID 22. Scale bars: 50 μm. n = 4 animals. Error bars represent SD. Statistical analyses were done with a 1-way ANOVA with a Tukey's post test, *P < 0.05. the levels of p-eIF2α and CHOP were significantly increased in neurons in the lumbar spinal cords of control EAE mice compared with those in naive mice at PID 22, but the elevated levels of p-eIF2α and CHOP were abrogated in neurons of PERK-nKO mice with EAE (Supplemental Figure 1 ). These results demonstrate abrogation of the PERK-mediated ISR in neurons of PERK-nKO mice with EAE. Collectively, these data suggest that neuron-specific PERK inactivation does not affect EAE initiation but impairs EAE recovery.
There is evidence that axon degeneration is the root cause of permanent neurological disability in MS and EAE (2, 5, 6) . We assessed axon degeneration in the lumbar spinal cords of these EAE mice at the recovery stage, PID 38. In addition to Cre recombinase, Thy1/CreER T2 mice also express enhanced yellow fluorescent protein (EYFP) under the control of the Thy1.2 promotor, which allows for the visualization of neurons and axons in the CNS using a fluorescent microscope (42) . We used EYFP intensity to gauge axon loss in the lumbar spinal cord by quantifying the percentage of the white matter area that displayed noticeably reduced EYFP intensity. Interestingly, the percentage of the white matter area that displayed noticeably reduced EYFP intensity was dramatically increased in the lumbar spinal cords of PERK-nKO mice with EAE at PID 38 compared with that of control EAE mice ( Figure 4 , A-C). Accordingly, SMI-31 IHC showed that the number of SMI-31 + axons was dramatically decreased in the lumbar spinal cords of PERK-nKO mice with EAE at PID 38 compared with that of control EAE mice (Figure 4 , D-F). Importantly, electron microscopy (EM) analysis verified that there were significantly fewer healthy-looking axons and more degenerating axons in the lumbar spinal cords of PERKnKO mice with EAE at PID 38 compared with those in control EAE mice ( Figure 4 , G-I). Thus, these results demonstrate that PERK inactivation in neurons facilitates axon degeneration during EAE.
We further determined oligodendrocyte loss, demyelination, and inflammation in the lumbar spinal cords of these EAE mice at PID 38. Immunostaining for aspartoacylase (ASPA), a marker for oligodendrocytes (30, 43) , revealed a comparable number of oligodendrocytes in the lumbar spinal cords of PERK-nKO mice with EAE and control EAE mice at PID 38 ( Figure 5 , A-C). Double immunostaining for PDGFRα and Olig2, markers for oligodendrocyte precursor cells (OPCs), revealed a comparable number of OPCs that were positive for both PDGFRα and Olig2 in the lumbar spinal cords of PERK-nKO mice with EAE and control EAE mice at PID 38 ( Figure 5 , D-F). Conversely, myelin basic protein (MBP) IHC showed that the percentage of area in the white matter of the lumbar spinal cord that was demyelinated in PERK-nKO mice with EAE was significantly increased compared with that in control EAE mice at PID 38 ( Figure 5 , G-I). Toluidine blue staining also showed that the percentage of demyelinated area in the white matter of the lumbar spinal cords in PERKnKO mice with EAE was significantly increased compared with that in control EAE mice at PID 38 ( Figure 5 , J-L). Importantly, EM analysis confirmed that there were significantly fewer myelinated axons in the lumbar spinal cords of PERK-nKO mice with EAE compared with that in control EAE mice at PID 38 ( Figure 4 , G-I). Interestingly, CD3 immunostaining and CD11b immunostaining revealed significantly increased numbers of CD3 + T cells and CD11b + macrophages/microglia in the lumbar spinal cords of PERK-nKO mice with EAE compared with control EAE mice at PID 38 ( Figure 5 , M-R). Additionally, we determined oligodendrocyte loss and demyelination in the lumbar spinal cords of these EAE mice at the peak of disease (PID 22). We found that neuron-specific PERK inactivation did not alter the degree of oligodendrocyte loss, the number of OPCs, or the degree of demyelination in the lumbar spinal cord at the peak of disease (Supplemental Figure 2) . Taken together, these data suggest that neuron-specific PERK inactivation facilitates axon degeneration in the CNS white matter during EAE and subsequently results in enhanced demyelination and inflammation.
Next, we determined the effects of PERK inactivation on neuron loss in the CNS gray matter of these EAE mice. One of our previous studies demonstrated significant but moderate neuron loss in the CNS gray matter in the MOG-EAE model, including the lumbar spinal cord, primary motor cortex, and cerebellum (39) . On the other hand, it has been demonstrated that the efficiency of Cre-mediated recombination in Thy1/ CreER T2 mice is varied in different regions of the CNS, ranging from 35% to 97% (42) . The recombination efficiency is high in the primary motor cortex (92%), medium in the spinal cord (77%), and low in the cerebellum (35%). Thus, we assessed neuron loss in the layer V of the primary motor cortices in PERK-nKO mice with EAE and control EAE mice at PID 38. Quantitative NeuN IHC showed that the number of neurons in the layer V of the primary motor cortex was significantly reduced in PERK-nKO mice with EAE compared with that in control EAE mice at PID 38 ( Figure 6 , A-C). Nevertheless, CD3 immunostaining and CD11b immunostaining showed that there was no significant difference in the number of CD3 + T cells or CD11b + macrophages/microglia in the layer V of the primary motor cortices in PERK-nKO mice with EAE and control EAE mice at PID 38 ( Figure 6, D-I) . Collectively, these data suggest that neuron-specific PERK inactivation enhances neuron death but does not alter inflammation in the CNS gray matter during EAE.
As described above, the Perk-KO allele was undetectable in the peripheral immune system or purified T cells of PERK-nKO mice (Figure 2A) . To exclude the possibility that T cell priming was altered in PERKnKO mice with EAE, we performed in vitro T cell recall assays. Leukocytes were generated from the draining lymph nodes of PERK-nKO mice with EAE and control EAE mice at PID 9 and were restimulated with MOG 35-55 peptide. As expected, BrdU cell proliferation assay showed that neuron-specific PERK inactivation did not affect T cell proliferation in response to MOG 35-55 peptide ( Figure 7A ). Similarly, ELISA assays showed that neuron-specific PERK inactivation did not affect the ability of T cells to produce the cytokines IFN-γ, IL-17A, and IL-4 in response to MOG 35-55 peptide (Figure 7, B-D) . Thus, these results demonstrate IHC revealed significantly fewer axons in the lumbar spinal cords of PERK-nKO mice with EAE compared with those in control EAE mice at PID 38. n = 6 animals. (G-I) EM analysis confirmed that the number of degenerating axons (arrowheads) was significantly increased, and that the numbers of healthy-looking axons and myelinated axons were significantly decreased, in the lumbar spinal cords of PERK-nKO mice with EAE compared with those in control EAE mice at PID 38. n = 4 animals. Scale bars: 200 μm (A and B) ; 50 μm (D and E); 5 μm (G and H). Error bars represent SD. Statistical analyses were done with a 2-tailed t test, *P < 0.05.
that neuron-specific PERK inactivation does not alter T cell priming in the peripheral immune system during EAE. Taken together, our data demonstrate that PERK inactivation specifically in neurons exacerbates EAE-induced neurodegeneration, particularly axon degeneration, and subsequently results in persistent, severe neurological deficits in EAE mice, implying the neuroprotective effects of PERK activation in neurons in MS and EAE.
ATF4 was not required for neuron or axon survival in adult mice. ATF4 is the master transcription factor of the PERK-mediated ISR (17) (18) (19) . We sought to determine the contribution of ATF4 to the neuroprotective effects of PERK activation in neurons during EAE. Global ATF4-KO mice display severe anemia and growth retardation and die prematurely (44, 45) . Therefore, we first determined the effects of ATF4 inactivation on neurons and axons under physiological conditions using a mouse model that allowed for inactivation of ATF4 specifically in neurons. ATF4 loxP mice that possess loxP sites flanking exons 2 and 3 of the Aft4 gene (46) Figure 8A ). H&E staining showed that ATF4-nKO mice did not display any gross structural abnormalities in the CNS. Moreover, NeuN IHC revealed that ATF4-nKO mice had a comparable number of neurons in the layer V of the primary motor cortex compared with control mice (Figure 8, B-D) . Similarly, SMI31 IHC revealed that the number of axons in the lumbar spinal cord was not compromised in ATF4-nKO mice compared with control mice (Figure 8, E-G) . These data suggest that ATF4 is dispensable for neuron and axon survival in naive adult mice. loxP/loxP mice treated with tamoxifen. Surprisingly, the disease course displayed by ATF4-nKO mice with EAE was comparable to that of control EAE mice ( Figure 9A ). Western blot analysis showed that the levels of ATF4 and CHOP were significantly increased in the brains of control EAE mice compared with those in naive mice at the peak of disease, PID 24 ( Figure 9 , B and C). Importantly, the levels of ATF4 and CHOP were significantly decreased in the brains of ATF4-nKO mice with EAE compared with those of control EAE mice at PID 24 ( Figure 9 , B and C). Moreover, NeuN and p-eIF2α double immunostaining showed that the level of p-eIF2α was significantly increased in neurons in the layer V of the primary motor cortex in control EAE mice compared with naive mice at PID 24 and that the level of p-eIF2α was not significantly altered in ATF4-nKO EAE mice compared with control EAE mice ( Figure 9 , D and E). Collectively, these data suggest that neuron-specific ATF4 inactivation does not influence EAE disease severity.
We further determined the effects of ATF4 inactivation specifically in neurons on axon loss, myelin damage, neuron loss, and inflammation in the CNS. Intriguingly, SMI31 IHC revealed a comparable number of axons in the lumbar spinal cords of ATF4-nKO mice with EAE and control EAE mice at PID 60 ( Figure 10 , A-C). MBP IHC showed that the percentage of area in the white matter of the lumbar spinal cord that was demyelinated in ATF4-nKO mice with EAE was comparable to that in control EAE mice at PID 60 ( Figure 10, D-F) . CD3 immunostaining and CD11b immunostaining revealed no significant change in the number of CD3 + T cells or CD11b + macrophages/microglia in the lumbar spinal cords of ATF4-nKO mice with EAE and control EAE mice at PID 60 (Supplemental Figure 3) . Moreover, NeuN IHC revealed a comparable number of neurons in the layer V of the primary motor cortices in ATF4-nKO mice with EAE and control EAE mice at PID 60 ( Figure 10, G-I) . Similarly, CD3 immunostaining and CD11b immunostaining revealed no significant change in the number of CD3 + T cells or CD11b + macrophages/microglia in the layer V of the primary motor cortices in ATF4-nKO mice with EAE and control EAE mice at PID 60 (Supplemental Figure 4) . Taken together, these data demonstrate that neuron-specific ATF4 inactivation does not influence axon loss, neuron loss, demyelination, or inflammation in the CNS of EAE mice, suggesting a minimal role of ATF4 in the viability of axons and neurons in MS and EAE.
Discussion
MS has traditionally been viewed as an autoimmune demyelinating disease of the CNS; however, it is becoming increasingly apparent that neurodegeneration is a major player in this disease (1, 2). Although MS is initiated by autoimmune attacks against oligodendrocytes and myelin, it is neurodegeneration, par- Figure 6 . Neuron-specific PERK inactivation aggravated EAE-induced neuron loss in the CNS gray matter. (A-C) NeuN IHC revealed that PERK-nKO mice with EAE had significantly increased neuron loss in the layer V of the primary motor cortex compared with control EAE mice at PID 38. n = 6 animals. (D-F) CD3 immunostaining revealed that neuron-specific PERK inactivation did not significantly change the number of T cells (arrows) in the layer V of the primary motor cortices of EAE mice at PID 38. n = 6 animals. (G-I) CD11b immunostaining revealed that neuron-specific PERK inactivation did not significantly change the number of macrophages/microglia in the layer V of the primary motor cortices of EAE mice at PID 38. n = 4-6 animals. Scale bars: 50 μm. Error bars represent SD. Statistical analyses were done with a 2-tailed t test, *P < 0.05. ticularly axon degeneration, which contributes the most to the progressive disability of MS patients (2-4). A number of studies have shown that the PERK-mediated ISR influences, positively or negatively, the viability of axons and neurons in various neurodegenerative diseases (33) (34) (35) . Moreover, it is known that ER stress is an important player in regulating the viability and functions of inflammatory cells and resident cells in inflammatory lesions in various inflammatory diseases (22) (23) (24) . Not surprisingly, there is evidence that the UPR is activated in neurons in MS patients (26, 36) . Herein, we also demonstrated that the UPR, including the ATF6α branch and the PERK-mediated ISR, was activated in neurons in the MOG-EAE model. Nevertheless, to date, attempts to assess the contribution of PERK activation in neurons to neurodegeneration and disease progression in MS and EAE have been unsuccessful.
To dissect the precise role of PERK activation in neurons during EAE, we generated mice that allow for controllable inactivation of PERK specifically in neurons. While a case study showed that a PERK mutation leads to early signs of neurodegeneration in a child (40), we found that PERK inactivation specifically in neurons did not affect neuron viability or axon integrity in adult mice. Our result suggests a minimal role of PERK in neurons under physiological conditions, which is consistent with previous studies using neuron-specific PERK conditional KO mice (47) . Since global PERK deficiency in both human patients and animal models causes severe, complex phenotypes, such as pancreatic dysfunction, growth retardation, and premature death (41, 48, 49) , it is possible that early signs of neurodegeneration observed in the child carrying a PERK mutation are caused by non-cell autonomous effects of PERK deficiency on neurons. Interestingly, we found that neuron-specific PERK inactivation did not significantly alter EAE initiation but impaired clinical recovery from EAE. We also found that neuron-specific PERK inactivation significantly, although moderately, enhanced neuron loss in the CNS gray matter during EAE. Importantly, we found that neuron-specific PERK inactivation dramatically increased axon degeneration in the lumbar spinal cords of EAE mice. It is believed that axon degeneration is the leading cause of permanent disability in MS patients and a major contributor to EAE clinical symptoms (2, 5, 6) . The data in the present report suggest that neuron-specific PERK inactivation exacerbates axon degeneration, resulting in persistent, severe neurological deficits in mice undergoing EAE. Collectively, our results imply the neuroprotective effects of PERK activation in neurons in MS and EAE.
EAE is initiated by T cell priming by myelin components in the peripheral immune system, following which the myelin-reactive T cells enter the CNS where they induce inflammation that leads to tissue damage, including demyelination, oligodendrocyte death, axon degeneration, and neuron death (4, 13) . Although evidence suggests that the PERK-mediated ISR influences the activity of inflammatory cells (22, 24) , we showed here that the Perk-KO allele was undetectable in the peripheral immune system and purified T cells of PERK-nKO mice. We also verified that T cell priming was not altered in the peripheral immune system of PERK-nKO mice with EAE compared with control EAE mice. Moreover, we found that neuron-specific PERK inactivation moderately enhanced neuron loss but did not affect inflammation in the CNS gray matter during EAE. These data suggest that neuron-specific PERK inactivation does not influence inflammation during EAE through its direct actions in inflammatory cells. Nevertheless, we found that there was elevated inflammation in the lumbar spinal cords of PERK-nKO mice with EAE, which was associated with dramatically increased axon degeneration and demyelination at the recovery stage of disease (PID 38). Tissue damage is known to promote inflammation (50) . Several studies have demonstrated that enhanced tissue damage in the CNS during EAE facilitates inflammation (51) (52) (53) . Thus, there is a possibility that elevated inflammation in the lumbar spine cords of PERK-nKO mice with EAE is elicited by increased axon degeneration and demyelination.
Oligodendrocytes are myelin-producing cells in the CNS and the primary target of autoimmune attacks in MS and EAE (4, 13) . Conversely, oligodendrocytes can regenerate and repair myelin damage in MS and EAE lesions. A number of studies have shown that demyelination and remyelination occur simultaneously in the CNS of EAE mice (31, 54) . During the acute stage of EAE, oligodendrocyte death and demyelination are predominant in the CNS of EAE mice. Oligodendrocyte regeneration and remyelination initiate during the acute stage of EAE and become robust at the recovery stage of EAE. We found that the degree of demyelination, the degree of oligodendrocyte loss, and the number of OPCs were comparable in the lumbar spinal cords of PERKnKO mice and control mice at the peak of EAE (PID 22) . This result suggests that neuron-specific PERK inactivation does not affect oligodendrocyte death or demyelination at the acute stage of EAE. While we found increased axon degeneration, demyelination, and inflammation in the lumbar spinal cords of PERK-nKO mice compared with control mice at the recovery stage of EAE (PID 38), the numbers of oligodendrocytes and OPCs were comparable in these two groups of mice at PID 38. This result likely reflects that neuron-specific PERK inactivation does not influence oligodendroglia regeneration at the recovery stage of EAE. It is well documented that healthy axons are required for myelin generation, maintenance, and regeneration under normal and disease conditions (2-6). Thus, these data also support the notion that enhanced myelin damage in PERK-nKO mice with EAE at the recovery stage of EAE results from increased axon degeneration. ATF4, the master transcription factor of the PERK-mediated ISR, is responsible for inducing many cytoprotective genes that preserve cell viability and function under stressful conditions (17) (18) (19) . A number of studies have shown that ATF4 activation influences, positively or negatively, the viability of neurons and axons in various neurodegenerative diseases (55) (56) (57) . As expected, we demonstrated that ATF4 was activated in neurons during EAE and that ATF4 activation was abrogated in neurons of PERK-nKO mice with EAE. We further tested whether the neuroprotective effects of PERK activation in neurons in MS and EAE are mediated by ATF4. We generated mice that allow for controllable inactivation of ATF4 specifically in neurons and found that ATF4 was dispensable for neuron and axon survival under physiological conditions. Surprisingly, we found that neuron-specific ATF4 inactivation did not alter EAE clinical symptoms and had no effect on axon loss, neuron loss, demyelination, and inflammation in the CNS of EAE mice. This finding suggests that ATF4 is not a major player in regulating the viability of axons and neurons in MS and EAE. In parallel to this result, a previous study has shown that global deletion of CHOP does not alter EAE disease severity (58) . Taken together, these data rule out the possibility that ATF4 is involved in the neuroprotective effects of PERK activation in neurons in MS and EAE. Figure 8 . Neuron-specific ATF4 inactivation did not alter the viability of neurons or axons under physiological conditions. (A) PCR analysis using genomic DNA shows that the floxed Atf4 allele was present in all tissues in ATF4-nKO mice (nKO) or control mice (CTL) but the Atf4-KO (KO) allele was only present in the cerebral cortex, cerebellum, and spinal cord of ATF4-nKO mice. Numbering above lanes is as follows: 1, cerebral cortex; 2, cerebellum; 3, spinal cord; 4, optic nerve; 5, sciatic nerve; 6, spleen; 7, lymph node. (B-D) NeuN IHC shows that neuron-specific ATF4 inactivation did not significantly change the number of neurons in layer V of the primary motor cortices of adult mice. (E-G) SMI31 IHC shows that neuron-specific ATF4 inactivation did not significantly change the number of axons in the lumbar spinal cord of adult mice. Scale bars: 50 μm. n = 4 animals. Error bars represent SD. Statistical analyses were done with a 2-tailed t test.
While ATF4 is generally considered to be the major transcription factor activated by PERK, PERK is also known to activate the transcription factor NF-κB by inhibiting the translation of its repressor, IκBα, through phosphorylation of eIF2α (30, 59, 60) . A number of studies have suggested the neuroprotective effects of NF-κB activation in neurodegenerative diseases (61, 62) . Importantly, a previous study showed that blockage of NF-κB activation specifically in neurons impairs EAE disease recovery and enhances EAE-induced axon degeneration and demyelination in the lumbar spinal cord (63), findings which are highly similar to the clinical and pathological features displayed by PERK-nKO mice with EAE. Intriguingly, the active form of NF-κB p65 immunostaining showed that the number of EYFP + neurons that were positive for the active form of p65 was significantly increased in the layer V of the primary motor cortices of control EAE mice as compared with that in naive mice at PID 22 and that the number of EYFP + neu- shows that the levels of ATF4 and CHOP were significantly increased in the brains of control EAE mice at PID 24 compared with those in naive mice and that the levels of these proteins were significantly decreased in the brains of ATF4-nKO mice with EAE compared with those in control EAE mice. n = 3-4 animals. (D and E) NeuN and p-eIF2α double immunostaining shows that the level of p-eIF2α was markedly increased in neurons in the layer V of the primary motor cortices of control EAE mice at PID 24 compared with that in naive mice. Importantly, the p-eIF2α level in cortical neurons was comparable in ATF4-nKO mice with EAE and control EAE mice at PID 24. n = 2-4 animals. Scale bars: 50 μm. Error bars represent SD. Statistical analyses were done with a 1-way ANOVA with a Tukey's post test, *P < 0.05.
rons that were positive for the active form of p65 was significantly decreased in PERK-nKO mice with EAE as compared with that in control EAE mice (Supplemental Figure 5) . Collectively, these data show that the detrimental effects of PERK inactivation in neurons during EAE are accompanied by decreased NF-κB activation in neurons and raise the possibility that PERK activation in neurons prevents axon degeneration and neuron death in MS and EAE by activating NF-κB. In summary, we showed here that neuron-specific PERK inactivation impaired EAE resolution and exacerbated EAE-induced axon degeneration and neuron loss; however, neuron-specific ATF4 inactivation did not influence EAE clinical symptoms or EAE-induced neurodegeneration. These findings imply the neuroprotective effects of PERK activation in neurons in MS and EAE via ATF4-independent mechanisms. As such, this work may provide a foundation for designing new treatments that delay disability progression in MS patients through attenuation of axon degeneration and neuron loss by enhancing the activity of PERK in neurons. -mediated recombination in the CNS of these mice, genomic DNA was isolated from the indicated tissues and PCR was performed as described in previous papers (41, 46) .
Methods

Mice
To induce EAE, adult female mice were injected subcutaneously in the flank/tail base with 200 μg MOG 35-55 peptide emulsified in complete Freund's adjuvant (BD Biosciences) supplemented with 600 μg Mycobacterium tuberculosis (strain H37Ra; BD Biosciences). Two i.p. injections of 400 ng pertussis toxin (List Biological Laboratories) were given 0 and 48 hours later. Clinical scores (0, healthy; 1, flaccid tail; 2, ataxia and/or paresis of hind limbs; 3, paralysis of hind limbs and/or paresis of forelimbs; 4, tetraparalysis; 5, moribund or death) were recorded daily (29, 30, 37, 38) .
IHC. Anesthetized mice were perfused through the left cardiac ventricle with 4% paraformaldehyde in PBS. Half sagittal brain and the cephalic half of the lumbar spinal cord (L1-L3) (39) were post fixed in 4% paraformaldehyde for 2 hours, cryoprotected in 30% sucrose for 48 hours, embedded in optimum cutting (A, B, G, and H) ; 100 μm (D and F). n = 4 animals. Error bars represent SD. Statistical analyses were done with a 2-tailed t test.
temperature compound, and frozen on dry ice. Frozen sections were cut using a cryostat at a thickness of 10 μm. The other half sagittal brain and the caudal half of the lumbar spinal cord (L3-L5) (39) were post fixed in 4% paraformaldehyde for 72 hours, dehydrated through graded alcohols, and embedded in paraffin wax. Paraffin sections were cut using a microtome at a thickness of 5 μm. Fluorescein (1:100, Vector Laboratories, anti-mouse, catalog FI-2000), Cy3 (1:500, MilliporeSigma, anti-rat, catalog AP136C; anti-mouse, catalog AP124C; anti-rabbit, catalog AP132C), Alexa Fluor 647 (1:500, Thermo Fisher Scientific, catalog A21245), or enzyme-labeled secondary antibodies (1:200, Vector Laboratories, anti-mouse, catalog BA-2000) were used for detection. Immunohistochemical detection of MBP (1:1000; Sternberger Monoclonals, catalog SMI-99P-100), CD3 (1:50; Santa Cruz Biotechnology, catalog sc-18843), CD11b (1:50; MilliporeSigma, catalog CBL1313), SMI31 (1:1000, Covance, catalog SMI-31R-100), NeuN (1:100, MilliporeSigma, catalog MAB337), CHOP (rabbit 1:100, provided by David Ron at University of Cambridge, Cambridge, United Kingdom), p-eIF2α (1:100, Cell Signaling Technology, catalog 9721), PDGFRα (1:100, MilliporeSigma, catalog CBL1366), Olig2 (1:300, MilliporeSigma, catalog AB9610), the active form of p65 (1:50; MilliporeSigma, catalog MAB3026), and ASPA (1:1000, provided by M.A. Aryan Namboodiri at Uniformed Services University of the Health Sciences, Bethesda, Maryland, USA) were performed. Fluorescent-stained sections were mounted with Vectashield mounting medium with DAPI (Vector Laboratories) and visualized with a Zeiss Axioskop 2 fluorescence microscope or an Olympus FV1000 confocal microscope.
For quantification of cells and axons in the lumbar spinal cords, we counted immunopositive cells or axons in an area of 0.1 mm 2 within the anterior funiculus medially next to the anterior median fissure in the lumbar spinal cord as described in our previous paper (29, 30, 38, 39) . For quantitative MBP IHC analysis, we calculated the percentage of the demyelinated area in the lumbar spinal cord by normalizing the demyelinated area against the total white matter area. The total white matter area and the demyelinated area in the lumbar spinal cord were measured with the NIH ImageJ software (http://rsb.info.nih.gov/ ij/; RRID:SCR_003070) as described in our previous paper (29, 30, 38) . To quantify the percentage of the white matter area in the lumbar spinal cord that displayed noticeably reduced EYFP intensity, EYFP fluorescence was visualized with a Nikon TiE inverted fluorescence microscope. We measured the total white matter area and the area that displayed noticeably reduced EYFP intensity with the NIH ImageJ software and then normalized the area with noticeably reduced EYFP intensity against the total white matter area. For quantification of neurons in the layer V of the primary motor cortex, 5-μm thick serial sections were cut from Bregma lateral 1.08 mm to 1.32 mm, every 10th section was stained with NeuN, and immunopositive cells were counted as described in our previous paper (39) .
The intensity of p-eIF2α and CHOP fluorescence in neurons was measured as described previously (38, 64) . Briefly, the NIH ImageJ software was used to measure the mean fluorescence of individual neurons as well as several readings of background fluorescent levels. The total corrected cellular fluorescence (TCCF) was determined using the following formula: TCCF = integrated density -(area of selected cell × mean fluorescence of background readings). p-eIF2α and CHOP TCCF levels were normalized to the level of expression in the control mice.
Toluidine blue staining and EM analysis. Mice were deeply anesthetized and perfused with PBS containing 4% paraformaldehyde and 2.5% glutaraldehyde. The lumbar spinal cord was removed, processed, and embedded in resin as described previously (28) . For toluidine blue staining, 1-μm sections were cut, stained with toluidine blue, and analyzed as previously described (29, 30, 38) . The demyelinated area and total white matter area in the lumbar spinal cord were measured using the NIH ImageJ software, and the percentage of the demyelinated area was calculated by normalizing the demyelinated area against the total white matter area. For EM analysis, ultrathin sections of the lumbar spinal cord were cut, stained with uranyl acetate and lead citrate, and analyzed as described previously (30, 31) . We counted the number of healthy-looking axons, the number of degenerating axons, and the number of myelinated axons.
Western blot analysis. Brains were harvested from mice, rinsed in ice-cold PBS, and homogenized with a motorized homogenizer as previously described (30, 38) . Extracts were incubated on ice for 15 minutes and cleared by centrifugation at 18,800 g for 30 minutes twice. The protein concentration was determined using the DC Protein Assay (Bio-Rad Laboratories). The extracts (50 μg) were separated by on SDS-PAGE gels and transferred to nitrocellulose membranes. The membranes were incubated with a primary antibody against CHOP (1:1000, Santa Cruz Biotechnology, catalog sc-56107), ATF4 (1:1000, Abcam, catalog ab50546), ATF6α (1:500; Cosmo Bio Co, catalog BAM-73-505-EX), or actin (1:5000, MilliporeSigma, catalog A2103), overnight, followed by an HRP-conjugated secondary antibody (1:1000, Vector Laboratories, anti-mouse, catalog PI-2000; anti-rabbit, PI-1000). The chemiluminescent signal was detected using the ECL Detection Reagents (GE Healthcare Biosciences). The intensity of the chemiluminescence signals of CHOP, ATF4, and actin were quantified using the NIH ImageJ software.
Real-time PCR. The cortices and hippocampi were isolated from the brains of mice. RNA was isolated from the tissue using Trizol reagent (Invitrogen) and treated with DNaseI (Invitrogen) to eliminate genomic DNA. Reverse transcription was performed using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories). TaqMan real-time PCR for GAPDH and PERK was performed with LightCycler 480 Probes Master (Roche Diagnostics Corporation) on the LightCycler 480 System (Roche) as described in one of our previous papers (65) .
T cell proliferation assay and cytokine assays. Draining lymph nodes (inguinal, brachial, and axillary) were isolated from EAE mice at PID 9, homogenized into a single-cell suspension, and plated in 96-well microtiter plates in triplicate. The cells were incubated with MOG 35-55 peptide (0, 1, 10, or 100 μg/ml) at 37°C and 5% CO 2 . 20 μl BrdU labeling solution (MilliporeSigma) was added to the culture media after 48 hours and incubated for a further 24 hours. Cell proliferation was determined using the Colorimetric BrdU Cell Proliferation kit (MilliporeSigma) according to manufacturer's instructions. Cytokines in the culture supernatants were quantified using the ELISA kits (IFN-γ, IL-4, IL-17A, BioLegend) according to the manufacturer's instructions.
T cell purification. Spleens were isolated from mice and homogenized, and red blood cells were lysed with ACK lysis buffer (Thermo Fisher Scientific). Cells were labeled with CD45 and CD3, and CD45 + CD3 + T cells were isolated using a FACSAria II cell sorter (BD Biosciences).
Statistics. All statistical analyses were performed using GraphPad Prism 6 (GraphPad Software, RRID:SCR_002798). EAE clinical score data are presented as mean ± SEM and were evaluated using a 2-tailed Mann Whitney test to compare clinical scores daily. All other data are expressed as mean ± SD. Comparisons between two groups were statistically evaluated by a 2-tailed t test. Multiple comparisons were statistically evaluated by a 1-way ANOVA with a Tukey's post test or a 2-way ANOVA with a Tukey's post test. P values of less than 0.05 were considered significant.
Study approval. All animal procedures were conducted in complete compliance with the NIH Guide for the Care and Use of Laboratory Animals (National Academies Press, 2011) and were approved by the Institutional Animal Care and Use Committee of the University of Minnesota.
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